Introduction
Conventional "Printed" circuit boards comprise a copper foil bonded to a substrate medium, the circuit image being formed by photo-resist and subtractive etching processes.
There are numerous environmental problems associated with the photoresist and etching processes used in conventional "printed" wiring board manufacture. These include:
* Spent etching solutions that are environmental pollutants and incur extra costs in disposal; * Complex multiple processes are required;
. Toxic materials and waste-products; * Conventional wiring boards contain lead (Pb) and various fire retardants and fungicides. End of life disposal is therefore environmentally problematic.
Screen-printed conductive films were first widely used for electrical interconnect in the 1940's. The films formed the basis of a thick film technology for producing electronic circuit modules. Thick film techniques developed over the following 60 years, to provide a mature technology with many applications in specialised electronic circuits [1] .
The Conductive Lithographic Film (CLF) process was originally developed as an alternative for etched resin-laminate circuit boards. The technique utilises standard offset lithographic printing technology used in the mass production of books and magazines. The CLF process possesses a number of key advantages over more traditional forms of electronic circuit board fabrication: * High production speed (6, 000 impressions/hour) 10,000 * Good resolution of image (80 -100 micron track with 60 micron gap achievable) * Low cost (low ink volume determining that substrate material proves the largest expense) * Ability to produce flexible electronic circuits and systems * Reduced environmental impact (less energy, reduction in material use, easier disposal, toxic heavy metals (e.g. lead) eliminated)
Electrically conductive ink films can be printed on a wide range of flexible substrates including paper and polymer films. A range of passive components and sensor structures have been manufactured by the CLF process by designing structures that exploit the electrical properties of the printed ink films.
In the past few years trends towards greater integration in electronics, combined with reductions in power requirements, and demand for mobility, have led to increasing interest in using additive printing technologies for the production of electronics. The printing of a "disposable" mobile phone, using polymer thick film techniques, received much publicity [2] . Another Electrode structures were orientated as depicted in Figure 1 , such that cells comprised; substrate, cathode layer, electrolyte saturated membrane separator, anode layer, substrate.
The electrolyte mixture was formed by dispersing a small quantity of polyethylene oxide in water followed by the introduction of ammonium chloride. A small quantity of manganese dioxide, in fine particulate form, was introduced to the formulation to act as a depolarising element. The principal operation of the membrane separator is to contain the electrolyte preventing migration of this phase through the cell. Cells were sealed using adhesive treated polymer film.
Discharge testing of these initial structures proved that a voltage of 1.5V was achievable, however, the current capability of such devises was poor. A peak short circuit current in the region of 2nA was recorded and has been attributed to the high sheet resistance of the graphite and zinc electrode structures (approximately 1.5kQ/E and 2MQ/ respectively).
Discussion 2 Second iteration structure design
The configuration of second generation cells, Figure 2 , followed closely that of initial cells, with key differences to electrode structures and the addition of a manganese (IV) dioxide paste. Graphite cathode and zinc anode structures were deposited on top of lithographically printed current collectors formed using a silver loaded conductive ink. Introduction of the current collectors reduces anode and cathode sheet resistivity to approximately 10 Q/ , resulting in reduced cell internal resistance. Capacity of a voltaic cell is proportional to the volume of anode and cathode material available for the electrochemical reaction. During discharge of a Leclanche cell, reduction of MnO2 is the cathodic reaction and oxidation of zinc is the corresponding anodic reaction. As such, increasing the volume of cathode material sustains the electrochemical reaction for longer.
Considering the thickness of lithographically deposited films, cell development has focused on the formulation of a 'stencil' deposited manganese (IV) dioxide paste.
As in conventional Leclanche cell design, MnO2 pastes consist predominantly of manganese (IV) dioxide in particulate form mixed with water. In addition to this, carbon/graphite particulates are introduced to the formulation. The addition of graphite to the cathodic paste is important for two reasons. 1. The bulk resistivity of manganese (IV) dioxide is much higher than that of zinc (approximately 1.44 [iQm and 50 nQm respectively), hence carbon/graphite is required to reduce the bulk resistivity of the mixture. 2. Whilst manganese (IV) dioxide is an important element in the electrochemical reaction, it also behaves as a depolarising element, converting hydrogen dissolved in the electrolyte solution (produced by oxidation of the anode material) into water. High concentration of aqueous hydrogen in the electrolyte causes hydrogen bubbles to form, resulting in increased cell internal resistance, hence deteriorating performance. The carbon / graphite portion of the cathodic paste acts as a transport mechanism promoting the ingress of hydrogen in solution into the manganese (IV) paste, hence increasing the surface area of MnO2 participating in the depolarising reaction.
A cathodic paste constituting a 75:25 ratio of MnO2 and C respectively was developed and is detailed in Table 2 . During cell fabrication, a cathodic paste layer of approximately 300 ptm thickness was 'stencilled' over the graphite electrode structure.
A paper membrane separator (approximately 500 ptm thick) saturated with the ammonium chloride electrolyte solution, detailed in Table 2 , was positioned over the paste. Finally, the zinc anode was placed above the membrane completing cell fabrication, as detailed in Figure 2 . Second iteration structures were evaluated via constant discharge through a 5 kQ load for 105 minutes. A typical discharge curve produced during evaluation is depicted in Figure 3 . Figure 3 suggests that discharge characteristics of lithographically deposited voltaic cells are not dissimilar to that expected from conventional Leclanche cell technology. Cell voltage is noticed to fall off at an increased rate during the first 80 minutes of discharge, after which, the rate of voltage drop decreases.
However, it is apparent that the expected cell potential of 1.5 -1.7V is not obtained from the second iteration cell design. This is attributed to the resistance of the membrane separator utilised for this configuration.
Analysis has proven that the shelf life of second iteration cells is poor. Ongoing development of cathodic pastes will further increase cell capacity by optimising the ratio of manganese (IV) dioxide to graphite particulates.
While the predominant concern of this work is the development of a 'clean' printed power source, it is widely accepted that the inclusion of zinc chloride in the electrolyte phase increases the efficiency of Leclanche chemistry. The inclusion of zinc chloride has to date been discouraged due to the toxic nature of the material. Development of a lithographically printable manganese (IV) dioxide / graphite ink is underway. Problems associated with high sheet resistivity are currently being investigated. A lithographically printed layer is desirable to replace the cathodic paste. Due to the thin nature of lithographically deposited ink films, it is envisaged that a cathodic ink layer will require over printing a number of times to achieve suitable ink volume. It is therefore necessary to formulate a printable ink which, while attaining a suitable sheet resistivity, will also achieve a low modulus of elasticity. This is necessary to prevent cured ink film cracking during over printing.
